and a lover of serious music. Professor A. J. S. Pippard disapproved of Roberts's deviations from work but Roberts could well afford it. Learning came easily to him and he graduated with first class honours B.Sc. in 1922-finishing second in his year. He was a beautifully neat, almost artistic draughtsman. 
Sydney H arbour Bridge
This was to be the greatest steel arch bridge in the world and Freeman and his team considered every aspect of it from first principles, new materials and new methods of analysis were double-checked and tested whenever possible. Freeman and Roberts consulted Professor Andrew Robertson of Bristol University regarding the testing of some small models of struts in silicon steel which were to be used in the bridge. These tests were later incorporated in Robertson's report on struts. Computers and electric calculating machines had not yet been invented. All calculations were done by hand with logarithm tables and slide rules, and only during later stages with small hand-operated mechanical cal culators, the Muldivo limited to only eight figures in the multiplier. Young Roberts's first job was to calculate the secondary stresses in the main arch, treating it as a space frame. Nada was involved in this work with him, helping in the setting up and solution of simultaneous equations with up to eight unknowns, about the practical limit in those days. It took about a week to set up, solve and check back a set of eight equations, even with the aid of the Muldivo. 'Our Bridge is a whopper*, Roberts wrote to Nada. Unfortunately, soon after starting work his wounded knee, which had apparently healed up, developed sinusitis and became septic, which necessitated a return to the hospital. He was operated on at the Royal Orthopaedic Hospital. The joint was scraped and the leg bones joined together so that for the rest of his life he had a stiff knee which occasionally troubled him. This state, often an uncomfortable one, was like a challenge and urged him to walk very quickly and to do any steeplejack work which seemed to be necessary. His determined, fast, walk, with the stiff leg swinging outwards (he never used a stick), was well known to his friends and typical of the man, who was always determined to overcome all obstacles at no matter what cost.
However, illness weakened him, especially as it came so soon after his war experience, and he worried about his career with Freeman, for whom he had a genuine admiration. It was then that Nada gave him much support and help.
They were married in 1925. Roberts was sent as an Assistant Engineer on the supervision of construction of a railway shed in Waterloo, Lancs, to gain the outside experience necessary to qualify for Associate Membership When Roberts returned to London from Lancashire he automatically joined Dorman Long & Company's Bridge Department and soon became one of their principal designers, working under Frank Freeman (a younger brother of Ralph) and J. F. Pain but with Ralph Freeman retaining special rights to call on his ex staff, of which Roberts was one of the most able members. Pain was a great disciplinarian and an acknowledged leader of his team of some 40 engineers and 60 draughtsmen during the 1924-34 decade. Roberts's position in this team was somewhat unusual. He was of the same age as Pain but about a year behind in experience. By the time he returned from his delayed site experience Pain was in full command of the office but Roberts was given charge of projects, often dealing direct with Dorman Long's top management.
Between 1925 and 1928 the Sydney Harbour Bridge erection calculations were completed but the checking of the final design continued long after the site work had begun. Roberts was in charge of some of the most complex analyses of the main trusses and laterals. The final written-out calculations were completed at about the same time as the bridge (1932) .
In 1927/28 Roberts also worked on the erection scheme for the 531 ft (162 m) span steel arch bridge in Newcastle; the site work for which started in August 1925. The erection schemes for the Sydney Harbour and Newcastle Bridges were worked out in minute detail and Roberts contributed much to their success, the Newcastle arch in many ways acted as a prototype for that in Sydney of 1650 ft (503 m) span.
Between 1926 and 1934 he was involved in many other projects, always working with small teams of picked assistants. During these years the Bridge Department trained many young engineers who later spread their influence throughout the construction industry. The contribution made by Pain and Roberts to the training of these engineers was enormous, not only in teaching them how to carry out designs quickly and accurately, and how not to take any thing for granted, but also how to stand up to adversity and persevere until an acceptable solution was found. By 1928 the Roberts had two daughters, Vanna and Gilda, and lived on the meagre salary of a young engineer in a small modest flat in Earls Court. Then, as now, industry under-paid young engineers, expecting them to 'pay for experi ence'. One of Roberts's unforgettable remarks to young assistants was 'don't pay for experience-try and sell it'. In those hard days Roberts was always well dressed. His suits from Harry Hall were looked after by University Tailors. If asked how he could afford this, he always replied that he could not afford not to. To augment his income he worked as much overtime as was available and did some private tutoring for the professional examinations. However, he and his wife managed to find time and money for the theatre, opera and concerts. There was an occasional men's four for bridge in Pain's lodgings, but Roberts did not become a bridge enthusiast and eventually dropped it altogether. Although his stiff leg was a handicap he continued to swim and play water polo and was the main pivot of the Dorman Long Swimming Club-which for years was reason ably successful in the London Business League competitions.
As the Bridge Department grew into an almost independent enterprise Roberts was always entrusted with new developments. He was responsible for publiciz ing and giving technical guidance on the use of Krupps's steel piles, which the company rolled under licence.
H igh tensile steel
He was involved in the introduction to the structural industry of the new high tensile chrome/copper alloy steel, the 'Chromador' steel. This was the first commercially produced high tensile structural steel in Great Britain. One of its special properties was claimed to be better corrosion resistance and, in this respect, it was a forerunner of the modern corrosion-resistant steels.
Unfortunately, although Chromador steel did corrode more slowly than ordin ary carbon/manganese steels, it still required full protection against corrosion to ensure long life, and therefore claims for cheaper protection were not really justified. On the other hand, the economy resulting from the use of higher strength steels was real but not appreciated by the industry and the profession. Nickel and silicon steels had been available for a long time. Nickel steel was well known in the U.S.A., but hardly ever used in Great Britain; silicon steel was used in a big way, for the first time in the Sydney Harbour Bridge. However, both steels were rather expensive 'specials' and were hardly ever used for the general run of medium-sized structures. Relatively cheap Chromador steel altered all this and high tensile structural steel combined with the use of high tensile rivets became a truly competitive material. Much of the credit for this must be given to Roberts, who was put in charge of the work of assessment of the technical advantages of the use of Chromador steels in different types of structures and of its economic benefits. His work showed that there was no doubt about either-a result which is well understood today. Roberts gave many talks and lectures on this subject to the learned societies and in his paper to the Institution of Structural Engineers on 22 March 1934 gave what, in fact, amounted to complete design specification for the use of high tensile steels in structures which later formed the basis of the requirements in the British Standard. Leading designers took part in the discussion of this paper and almost all the problems associated with the use of high tensile steels, some of which are still unresolved, were raised at that meeting. Fatigue, buckling, deflexions, corrosion and costs were discussed. Roberts's enthusiasm for the new material was fully justified, although he was over-optimistic in some of his assertions, particularly concerning resistance of fabricated bridge elements to corrosion and fatigue.
A rc welding
Roberts's next mission was the introduction of welding into structural engineering-a task that remained with him to the end of his life. He began by learning to weld and very quickly became an expert welder and judge of good welding. No one could fool him during inspection and no detail could escape his trained eye.
A ll-welded Billingham bridge
He was a pioneer and innovator in the use of welding from the day in the spring of 1931 when Dorman Long put him in charge of an alternative com petitive design for the Billingham Bridge, near Middlesbrough, which was to become the first all-welded bridge in Great Britain. The development of the welding processes for commercial application had began in the late 1920s, and Roberts's job was to assess critically what was known, to develop and test different types of joints and then to design the bridge to suit the successful ones. In his paper to the Institution of Civil Engineers, jointly with P. H. Haldane, on 'Billingham Branch Bridge' delivered on 16 April 1935 , the research that pre ceded the design is fully described.
Series of tests to determine the strengths of side fillets, end fillets and butt welds were carried out first. Then, on the basis of the results of these tests, typical joints were designed and full size models of the principal joints tested to provide information on the best preparation of the parent metal, most suitable welding procedures, and the amount and direction of contraction to be allowed in fabricating the nine main plate girders of the five-span portal frame-type bridge. It was a daring conception at that time, but the design itself was cau tiously conservative. The adopted working stresses in fillet welds were smaller than are allowed today and butt welds were reinforced with shaped edge cover plates. A full-scale model test of the stepped joint supporting the suspended spans withstood a static test load 2\ times the working load. After this, to ascertain its resistance to dynamic shock the joint was subjected to blows from a 25 cwt (1 | t) 'monkey' falling from progressively increasing heights. The breaking blow, the 68th, was delivered from a height of 16 ft (4.9 m). Even so, the final all-welded design of the bridge was 70% lighter than the original riveted one and was built for the same price.
The Billingham Bridge experience enabled Roberts to draft comprehensive rules for the design and making of butt welds, which he gave in a lecture at a symposium on. 'The welding of iron and steel' organized by the Iron and Steel Institute and published in their Proceedings in 1935. This pioneering work provided a solid basis for further developments, al though naturally not every conclusion derived from it stood the test of time. Roberts's later insistence on shaped edge covers for butt welds was controversial and eventually he agreed with the critics and abandoned their use.
Two years later, in a paper presented to the Institute of Welding, Scottish Branch, in December 1937, on 'The design of welded structures', Roberts dealt with more aspects of welded design and pointed out the advantages of welding. Among other things, he had forecast the use of battle decks (orthotropic plate) which became very popular after World War II.
Roberts applied welding so successfully because he had cultivated a capacity to exercise painstaking care and scientific judgement. He was conscious of the need to learn from and use the allied sciences of chemistry, physics and metallurgy in the control of materials to be welded.
In The whole family moved to Glasgow. Here full scope was given to Roberts's ingenuity and creative gift. Against some misgivings from the more conservative engineers in the firm, he introduced welding as a basic process in the fabrication of structural steel and designed welded box columns for Braehead Power Station-the first of their kind in Great Britain, but used in almost all major power stations since. Welded plate girders replaced riveted ones. Welded box girders were also introduced into the design of overhead and Goliath travelling cranes, again now used almost universally.
By 1941 when almost the entire industry was switched to war production, Arrol works were in the forefront of welded construction and Roberts was the recognized expert in this field with a reputation for innovation.
In 1943 he became a Director and Chief Engineer of Sir William Arrol, responsible for all design and technical development.
W elded ships
Early in 1944 the Admiralty placed orders with many firms in England, Scot land and Northern Ireland for the construction of tank landing craft. Arrol was the only firm appointed to proceed with the design and production of all-welded vessels. As eventually developed, each ship consisted of 38 prefabricated units and weighed about 400 tons in all. Stiffened plates were the main element in each unit and most modern methods of welding were introduced. An assembly yard was set up at Alloa, Scotland, with Hubert (now Sir Hubert) Shirley Smith, an old colleague of Roberts from Dorman Long days, in charge.
Roberts was responsible for the design and planning of all the operations, which were entirely novel in British ship-building practice. He was in constant touch with the yard and organized and supervised the training of welders, not only on this but also on other emergency sites. The operation was a great success. From the placing of the first prefabricated unit on the berth to launching took only 14 weeks. The vessels were ready in time for the various landings.
At the same time, Roberts advised on the design and fabrication of the Mul berry Harbour equipment, which involved travelling to North Wales and the south coast of England in the most difficult and trying wartime conditions. This taxed his strength to the limit, but he never complained and appeared on sites after long journeys as if he had just stepped out from a nearby office.
Industrial design
After the war Arrol returned to its normal work which consisted mainly of design and fabrication of heavy industrial plant and structures. Roberts was deeply involved with W. S. Atkins & Partners in the design and, more especially, fabrication of the exceptionally heavy crane girders for the new steelworks at Margam near Port Talbot in South Wales. The 110 ft (33.6 m) span girders in the melting shop carried 300 t capacity cranes and were the heaviest welded plate girders yet manufactured in the world. They presented many problems in design fabrication and handling.
'Flitch' (transition) plates in Coltuf steel were introduced between the 3 in (7.6 cm) thick flanges and 1 in (2.54 cm) thick web plates to improve welding and to deal with the heavy wheel loads.
Roberts also designed a new type of flap-type dock gate for the Falmouth Docks and invented a rubber joint of an entirely new pattern, which he patented and successfully exploited in other situations.
While with Arrol Roberts continued to improve the art of welding and advocate its use. He gave a series of lectures at the Stow College, Glasgow, in 1942^-3 on 'The principles of welded structural design' and many talks to the various branches of the Institute of Welding and to the Iron and Steel Institute. In 1943 his paper on 'Electric welding in shipbuilding' was published by H.M.S.O. . Early in 1948 the Severn Bridge became an urgent reality and it was decided to establish a joint office which was to be staffed by engineers from the two firms, led by the best available expert designer to be recruited from outside.
The Senior Partners of the two firms, Sir David Anderson and Sir Ralph Freeman, agreed that Gilbert Roberts was the man for the job and Sir Ralph invited Roberts to become a Partner in Freeman Fox and take charge of the newly formed joint office. Roberts agreed with enthusiasm. The prospect of returning to London with all its learned societies, theatrical and musical attrac tions and of becoming one of the partners in the firm in which he started his engineering career, and which he greatly admired, pleased him and his family enormously but, above all, it was a challenge and a thrill to be involved in the design of the first major suspension bridge outside the U.S.A. His two principal assistants were O. A. Kerensky and Kenneth Anderson, representing the two firms. C. D. Crosthwaite, who had contributed much to the theory of suspension bridges and the early aerodynamic studies, was needed in North Wales to take charge of large hydro-electric projects there.
Anderson, Freeman and Roberts formed a triumvirate which guided the design work and made all the final decisions on the choice of the possible alternative solutions of the many problems that occur during the development of a major engineering project.
Severn Bridge (first design)
Preliminary geological investigations of the site, and a comprehensive study of the designs and methods of construction used in the major suspension bridges in the United States, had been carried out by the two firms during 1946-48, so that when Roberts took charge of the team the layout of the proposed bridge was already settled and a major aerodynamic investigation was in progress by the Aerodynamic Division of the N.P.L. under the direction of Dr R. A. Frazer, F.R.S., and Mr C. Scruton in collaboration with the engineers and Professor F. R. Farquharson of the University of Seattle, Washington, U.S.A., and of Tacona Bridge fame, who acted as consultant to the joint engineers. Roberts's job was to examine every aspect of the proposed design and to produce the final design for tender purposes.
The work was urgent as it was understood that the Government intended to start construction in 1950-51. For about a year the joint office was working long hours, and Roberts spent many an evening engrossed in discussions with his staff, weighing the pros and cons of the various alternatives and initiating laboratory tests of any new design aspects or new materials and methods of fabrication that were considered to be desirable. Dr E. G. Thomas of the Building Research Station carried out exhaustive tests on a model of an ortho tropic plate deck, to be adopted for the first time in a major bridge in Great Britain, while the Road Research Laboratory, under the guidance of W. H. (later Sir William) Glanville, F.R.S., in collaboration with Limmer & Trinidad Limited, conducted full-scale trials of different types of protective treatment and surfacing materials for that deck. Mastic asphalts of different thicknesses and composition and very thin epoxy surfacings were investigated, the final choice being a 1^ in (3.8 cm) thick single layer of stone-filled mastic asphalt laid by hand on the zinc-sprayed plate. The benefits of the composite action of the asphalt with the steel plate were not realized at that time, but are now well understood. The possibility of designing a suspended structure in which full use was made of the deck platform as part of the main stiffening girders, thus achieving optimum efficiency, was very much in Freeman's mind right from the start, but this was always associated with the deep-trussed main girders which were considered to be essential for aerodynamic stability and were invariably used in the United States except for the original Tacoma Bridge. When Roberts joined the team he gave some further thought to the problem; but the urgency of the task, and the fact that this was the first major suspension bridge designed by British engineers demanded caution. Any departure from the orthodox stiffening truss of considerable depth advocated by Mr O. H. Ammann, the Chief Engineer of the Port Authority of New York, designer of the George Washington Bridge, who was consulted by Anderson was not possible at that time. However, the location of the deck itself was controversial. When Roberts joined the firm the deck was located at the level of the neutral axis, i.e. at half depth of the main trusses, in order to keep the movement of the deck to a mini mum. As the design developed, it became clear that the torsional stiffness of the fully braced suspended system was of greater importance than the longitudinal distortions of the deck system. It meant locating the deck above the stiffening trusses and providing top and bottom lateral bracing systems. This solution was adopted, thus creating a latticed box. Final calculations took into account the torsional stiffness of this suspended space frame in calculating deflexions and stresses in the structure, using a method developed by Dr Frazer. The result was a more appropriate distribution of strength in the vertical and horizontal web systems and a significant saving in the weight of the suspended structure compared with one designed by the conventional methods used in all previous suspension bridges.
The second break-through initiated by Roberts was in the design of the main towers, again resulting in substantial economies. Up to that time towers had been designed as struts, fixed at the bottom and free at the top, i.e. with an effective length of twice the height of the tower. The Severn Bridge towers were treated as fixed at the bottom, but with movement at the pinned top end determined and controlled by the elastic behaviour of the main suspension cables. The significance of this is that the tower top is pulled away from the vertical thereby inducing bending stresses, in addition to the direct stresses due to the heavy vertical reaction from the cable (210 000 kN) and the weight of the tower it self. This, in turn, produces further deformation of the tower, but without further deflexion of the top. The behaviour of the tower is nonlinear under this form of loading, but a solution is quickly obtained by successive approximations. Stresses at all sections of the tower, due to different load combinations, were calculated from these first principles-a method based on the limit state philosophy.
T he D ome of D iscovery
In 1949 Freeman Fox was appointed by the Festival of Britain 1951 Office as consulting engineers for the buildings of the South Bank Exhibition. The Dome of Discovery was to be the focal point of the exhibition and the architect, Ralph Tubbs, conceived a sensational building-a circular space of 365 ft (111.5 m) diameter covered by a spherical aluminium sheeted roof spanning the entire area. It fell (as usual) to the engineers to find a structural solution to his idea-the Dome presented a unique opportunity for designing a large space structure in aluminium. Freeman quickly arrived at a brilliant concept for the framework of the Dome and its supports and with Roberts's invaluable help the design was soon developed. The main frame comprised a system of latticed ribs, laid on great circles of the Dome and forming equilateral spherical triangles of about 60 ft (18.3 m) side (plate 1). A fabrication method was suggested by Roberts to ensure the maximum possible amount of shop prefabrication and subassembly. The decision to use aluminium alloy meant that extruded sections of almost any shape could be obtained without appreciable additional cost. The cross-section of the main ribs was triangular, made up of three extruded elements braced together by extruded angle bars. The triangulated framework of the main ribs carried extruded rafters and purlins secured by Lindapters, to which the plain aluminium sheeting was attached by 'pop* rivets, as used in the aircraft industry. All main connections in the ribs and bracing were made with high tensile steel turned and fitted bolts, as corrosion problems could be ignored in a temporary building. Owing to the novelty of the materials, methods of fabrica tion and uncertainties in design, conservative working stresses were adopted with a factor of 2 \ against yield and buckling. The entire design, from first concept to working drawings, specification and invitation to tender, was com pleted in 3 months.
On 11 March 1950 Sir Ralph Freeman died suddenly of a heart attack. Ralph Freeman junior (later Sir Ralph) became Partner in charge of the entire Exhibi tion project with Roberts responsible for the final design, fabrication and erection of the Dome. Its novel features were described in his paper to the Institution of Civil Engineers on 3 April 1951.
The Dome of Discovery was the first of its kind, both in size and the subtlety of its structural configuration and details of construction. Professor A. J. S. Pippard described it as probably the most interesting structure designed since the two airships R100 and R101.
When in 1951 the design of the Severn Bridge was nearly completed and ready to go for tender, the Government suddenly decided not to proceed with the project and work on it was more or less abandoned. The joint office was dismantled soon after and Roberts, with Freeman Fox staff, moved to other premises in 110 Victoria Street. With the death of Sir Ralph, Roberts became the Partner in charge of major bridge and special structures projects, with Kerensky as his principal assistant. In the joints that could be reamed to exact size during shop assembly, high tensile close tolerance bolts were chosen, but for all other connections, 'grip' bolts were specified. These bolts were just coming into use in Germany and the U.S.A. but had not yet been used in any major bridge by the British engineers. As usual, Roberts would not take anything for granted. The grip bolts used up to that time were ordinary high tensile bolts stressed to about 80% of their yield strength and breakages were not uncommon during tightening. Roberts realized at once that such bolts were, by nature, unreliable and also inefficient. Because the cost of drilling holes and fitting up and tightening the bolts was appreciably more than the cost of the bolt itself, increasing the strength of the bolt should be economic, while the consequential reduction in the size of the joints offered further considerable advantages. Roberts designed a waisted bolt, i.e. with the shank diameter equal to the thread root diameter, and had it made of very high tensile steel. Initial tests showed that, when tensioned to beyond the yield stress in the shank, ordinary nuts seized and cracked and the thin washers deformed. Roberts then developed specially shouldered nuts and thick washers made of hardened steel, which proved to be entirely satisfactory. Bolts of | in (22 mm) diameter shanks made of 45-55 ton/in2 (700-850 N/mm2) steel were safely tensioned to about 29 ton (290 kN). Joints made with different numbers of bolts were then tested for slip and 'slip coefficients' were determined. Finally, with a factor of 1.7 against slip, the safe design value to resist shear was established. Roberts insisted on the 'turn-of-the-nut' method of tightening bolts because it gave much more determined loads in the shank, than by the torque measuring method and correctly argued that the safety of this procedure was justified by the fact that such bolts could withstand at least two more turns of the nut before breaking. The bolt became known as the 'Roberts' bolt, it was patented jointly by him and the manufacturer to protect the British market but the patent was never enforced. Unfortunately, not being a standard product, these bolts are not normally available in small quantities as a large number of different lengths would have to be stocked. The development of this bolt-a small item in a large structure-was typical of Roberts, who always exercised particular care and scientific judgement in the pursuit of excellence in every minute detail.
Biographical Memoirs
A decision was also made to use composite construction in the deck, T-shear connectors welded to the stringers were designed from first principles. The welded mild steel stringers carrying the reinforced concrete deck slab were simply supported so that the top flanges were always in compression and the problem of fatigue could be ignored. This form of construction was well ahead of its time. The B.S. Code of Practice C.P. 117 'Composite construction in bridges' was published only in 1967 and the F.F. & P.'s T-connectors had a place in it.
The shock of Sir Ralph's death and the continuous strain of overwork gradu ally undermined Roberts's health and in 1954 he was ordered complete rest, away from the office, for several months.
D esign of welded plate girders
Meanwhile work on the development of design and fabrication of welded structures was proceeding and special attention was being paid to plate girders, as the rules in the current British Standards were inadequate and several mem bers of the staff were involved in the production of the new B.S.I. Codes of practice for welded design and welding processes. On his return Roberts took a very active part in the production of B.S. 2642, which deals with the welding of medium high tensile steels to B.S. 968 (first published in 1955).
In 1953 the Ministry of Works organized a Conference on welded structures, at which Roberts and Kerensky gave a paper on 'Plate girder bridges', in which they indicated the lines that a design should follow to achieve real economy, giving many recommended details of construction and advocating orthotropic plate decks and composite construction in steel and concrete, as well as the more general use of high tensile steels. The proceedings of the Conference were published by H.M.S.O. in 1954. In 1953 F.F. & P. were asked by Sir William Halcrow & Partners, consulting engineers for the Volta River Project in Ghana, to participate with them in the design of a steel bridge across the Volta River. The conception of this 800 ft (244 m) steel arch and its many new features were almost entirely due to Roberts and are described in a joint paper given to the Institution of Civil Engineers in 1958 by P. A. Scott and Gilbert Roberts. Nothing similar had been built before. All the elements of the suspended deck, consisting of a reinforced concrete slab supported by welded high tensile steel stringers and cross girders, were designed to act compositely, using the type of shear connectors developed for the Auckland Harbour Bridge. The chord members of the two-pinned latticed arch were welded high tensile steel boxes of the smallest practicable size (approximately 2 ft (0.61 m) x 2 ft (0.61 m) fabricated in up to 40 ft (12.2 m) lengths and hermetically sealed on completion. An ingenious innovation was in the design of their joints. The ends of each member were accurately machined, and for the in-service condition when the arch rib was in compression, Roberts relied en tirely on the bearing between the machined plate edges, without the usual reinforcement by cover plates and bolts or rivets in shear. However, during the erection of the arch by cantilevering some of the joints would be in tension. Large waisted screwed rods made of heat-treated very high tensile steels were housed in brackets built into corners of the chords; and tensioned against the abutting ends by means of a specially designed hydraulically operated spanner, the prototype of which, together with some other equipment, was made by Mr J. A. K. Hamilton in his small private workshop under Roberts's personal supervision. The total pretensioning of the four rods was in excess of the maxi mum tensile erection stress across the joint, so that during erection there was only a variation of pressure between the abutting faces, but no movement at the joints. Overall, these connections cost no more than the conventional cover plates, but had the great advantage of maintaining the structure in a truly elastic con dition during erection. All field connections of welded web members and laterals were made with high tensile close tolerance bolts (Plate 2).
Yet another innovation was the protective treatment. To avoid an attack on paint by fungus, notorious in some parts of Africa, the entire steelwork was grit-blasted, metal-sprayed in the works with zinc coating 0.0035 in (0.089 mm) thick, shaped to site and left unpainted-a bold decision in 1955-and only possible when, as here, climatic conditions permitted. A certain amount of repair was required because of minor damage in transit. Roberts's experience with Arrol, both in design and in the fabrication of the steelwork for power stations, was fully utilized and it was said by one of the Senior Engineers of C.E.G.B. that the steelwork for these two power stations was the lightest and the most elegant in his experience up to that time. It cer tainly was very economical.
ton G oliath crane
Ever since his Arrol days Roberts had been interested in the design of large cranes and in the mid-1950s was pleased to receive a request from Babcock & Wilcox to undertake the design of a giant Goliath crane of 400 t lifting capacity and 250 ft (76 m) span for use by them in the construction of nuclear power stations. They wanted a crane containing the least possible number of separate parts, as easy as possible to erect and dismantle, and weighing not more than 700 t compared with their own estimate of 1200 t for a 'conventional' Goliath of the required capacity. Roberts conceived a structure consisting of latticed legs and a bowstring girder, all with bolted field connections, arranged so that the girder hoisted itself into position using the cranes own winches. Two identical cranes were built in 1957-58 and each was used on two nuclear stations in the United Kingdom before being sent to shipyards in Norway and Spain. F.F. & P. were involved in several other crane designs, but Roberts was particu larly proud of this one; as indeed he could well be and the design was duly patented.
Radio telescopes
In 1956 F.F. & P. faced a new challenge. The firm was commissioned by the Radiophysics Division of the Commonwealth Scientific and Industrial Research Organization (C.S.I.R.O.), of Australia, to study the feasibility of a large steer able radio telescope. This followed on the initial study by Dr (later Sir) Barnes Wallis, who recommended C.S.I.R.O. to invite F.F. & P. to see the project through. This was an entirely new field for all the Partners, and Roberts, who was given charge of the project, began by a study of the problem of providing a light yet rigid dish capable of being steered about horizontal and vertical axesthe so-called Altaz system of mounting. At the same time he appreciated the importance of obtaining a structural concept which provided the right frame work for many other disciplines. Many experts were consulted. The conven tional equatorial mount was compared with the Altaz one in considerable detail and finally the Altaz mount was recommended with a specific and novel form of control, with a master equatorial mount placed at the centre of motion of the telescope. A reflector dish of 210 ft (64 m) diameter was estimated to be the maximum possible within the funds available, against the client's original requirement of 250 ft (76 m) diameter.
The feasibility report, submitted in September 1957, was approved and in 1958 the firm was appointed to design and supervise the construction of the telescope, to be installed at Parkes, New South Wales. The structure conceived by Roberts and his team, which was led by the late M. H. Jeffery and C. R. Blackwell, was entirely different from that at Jodrell Bank, near Manchester, which was the only comparable instrument in the world at that time. One of the important design features of the Parkes telescope was the central mounting unit containing all the shop-made mechanical parts. This was designed for complete trial assembly in the workshop, where all the precise mechanical fit-ups could be achieved and checked, in a way capable of easy repetition at the site. The work requiring precise initial setting out and fit-up at the site was thus limited to the construction of the steel reflector dish and its surface adjustment. Another important breakthrough was the design of the servo system and master controls. The basic principle of this form of control was propounded by Dr Barnes Wallis in his General Report of September 1955 on the feasibility of large radio telescopes and is described in British Patent Application no. 29248/1955, entitled 'Improvements in telescope mounting', filed by Dr Wallis and Vickers Armstrong (Aircraft Limited). A detailed study of the control system was made by Sir Howard Grubb, Parsons & Company Ltd, and the Control Department of Associated Electrical Industry Ltd.
The 210 ft diameter (64 m) steel paraboloid with wire mesh reflector operated down to 10 cm wavelengths. It would rotate on a machined cast steel track mounted on a 12 m high concrete tower, the total rotating mass exceeding 1000 t. The ingenious design and method of fabrication of the dish and of the assembly of the telescope were conceived by Roberts, again demon strating his ability to achieve the highest efficiency in the performance of a complex structure.
The telescope was commissioned in October 1961 and was an immediate success. In the same year F.F. & P. were appointed by the National Research Council of Canada to design a 45 m diameter fully steerable telescope to be erected in Algonquin Park, Ontario. The N.R.C. telescope called for even higher reflector accuracy than the C.S.I.R.O. one, with the additional problems of operation and survival in the severe winter climate of Eastern Canada.
This time Roberts made the paraboloid dish out of a stiffened steel plate, which provided extremely high reflector accuracy. To obtain the required rigidity and robustness he decided that the reflector plating should act integrally as part of the structure. It had, however, to be capable of release for adjustment when required. The detailed design by which this was achieved, which involved developing special countersunk bolts for the fastenings and for the attachment to welded stiffeners, was largely his work. The finished struc ture was really remarkable for the precision of workmanship and quality of performance.
Mounting, drive and control were similar to those of the Parkes telescope. This telescope was completed in 1966 and operates down to 2 cm wavelength.
P ipe bridges
At about the same time Roberts and Wex had become concerned with the design of a number of high pressure oil and gas pipeline bridges in India and West Pakistan, Six 167.5 m span bridges for Oil India in Assam came first. Then in West Pakistan a crossing of the Sutlej River near Panjanad was called for by Sui Northern Gas Pipelines Ltd. During high flood, bed-scours of around 18 m were liable to occur each year and the 1.5 km wide river could meander over a 6.5 km width. An ingenious and graceful solution was arrived at. The multi span bridge constructed entirely by field welding was approximately 1830 m long and founded on 27 large diameter bored piles. Gas was transmitted at 7 N/mm2 pressure through the three high tensile steel tubular chords of the triangular space structure. The bridge was very economic and easy to maintain and has functioned well since its completion in 1964.
This was immediately followed by bridges over the Chenab and Jhelum Rivers. These bridges were 475 m and 850 m long and consisted of multi-span continuous cable-stayed girders supporting a 254 mm diameter pipe carrying the high pressure gas. They were completed in 1965 and 1966 . The appointment for the next two bridges was made just before Wex was made a Partner. Roberts and he conceived the form they should take, but Wex completed the design. Roberts retired before the site work began. The structures were unstiffened suspension bridges carrying the pipeline across Indus and Kabul Rivers with main spans of 394 and 274 m respectively. Much thought was given by the two designers to achieving complete aerodynamic stability of these very slender structures. The main cable supports the 254 mm pipe from above and, together with two pretensioned inverted catenaries, forms a triangular space structure. The novel construction method for the longer bridge, devised by its designers, involved welding and rigging the entire bridge complete with pipeline on the ground and on a pontoon bridge, then erecting it by jacking a process which took about two days. The two bridges were completed in 1972.
M aidenhead Bridge
In 1958 the Ministry of Transport instructed F.F. & P. to proceed with the completion of the Maidenhead Bridge, over the Thames, the construction of which had been started in 1937 but was abandoned in 1940 because of the war.
The firm had been appointed as consulting engineers for this bridge in 1935 and Ralph Freeman had designed a beautiful-looking bridge, utilizing, for the first time in British practice, composite action between the reinforced concrete deck slab and the steel girders. This was to be achieved by bolting the precast reinforced concrete slabs lift (3.35 m) x lift (3.35 m) x 12 in (304 mm) thick to eight main girders which were to be riveted mild steel box girders con tinuous over the two river piers and tied down at the ends of the short side spans to the abutments. For purely aesthetic reasons the soffit of the 270 ft (82.3 m) river span was made elliptical and the outermost girders were to be welded, the other six being riveted. By 1940 the river works and abutments and piers were completed, the 1600 t of steel partly fabricated at Arrol's works and the huge precast slabs cast and stacked on site.
On restarting the work it became immediately apparent that a very advanced design in the mid 1930s was completely out of date in the late 1950s. Yet any drastic change in the design of the superstructure would involve abortive work and payments. F.F. & P. were determined that an obsolete, uneconomic struc ture should not be built. The design was completely revised showing big savings in the cost of the superstructure. In the new design concrete deck slab was made 8 | in (216 mm) thick instead of 12 in (304 mm) and the 1600 t of mild steel was replaced by about 6001 of weldable high tensile steel. The riveted box girders becoming welded plate girders. Fortunately, most of the steel at Arrol's works had been used during the war, so only the stack of precast slabs had to be got rid of. All public authorities rightly dislike paying for abortive work, but in this case the advantages of the change were overwhelming and the Ministry of Transport approved it and paid for the new design. The decision to go ahead with the redesign, without previous approval, in anticipation of the result, was typical of the partnership of Roberts and Kerensky, who were jointly involved in this project.
The bridge is fully described by Roberts in his paper to the South London Branch of the Institute of Welding on 8 February 1961. Notch ductile 'Coltuf' high tensile steel had been used in the tension elements of the girders. During discussion of the paper Roberts claimed that he introduced it because its welding qualities were superior to those of ordinary steels to B.S. 968 and not because of his fear of a brittle fracture, but Kerensky and the two senior engineers (M. Field and K. A. Goodearl) were advocating the use of the more expensive steel because of its superior notch ductile properties, as by that time the danger of brittle fractures in welded construction was well known even though the Codes of Practice had not then referred to it.
The 270 ft (82.3 m) span of the all-welded plate girders acting compositely with a reinforced concrete deck slab was at the time of construction the largest of its kind in the world. It is also one of the most beautiful bridges. 
T he Severn Bridge
This time Roberts was in sole charge of the design of the superstructure, assisted on this occasion by Dr. W. C. Brown (now a Partner of F.F. & P.) and Parsons. Although first-hand experience was gained during the design and con struction of the classical Forth Bridge and more or less a repeat of it was expected by everyone, Roberts did not want to do this. Several new ideas had been gener ated during the interval and he was determined to apply some of them. The most important of these was that of a monolithic aerodynamically stable sus pended stiffening girder of shallow depth. In his paper on the design of the Severn Bridge, given to the Institution of Civil Engineers on 15 October 1968, Roberts describes the step-by-step development of this revolutionary concept.
The studies of the behaviour and structure of the wind at the Severn site, initiated in 1947, were completed in 1954 and the more reliable wind data could now be used in aerodynamic tests at the National Physical Laboratory, although turbulence was still not reproducible. With enthusiastic cooperation from C. Scruton and D. E. Walsh of the N.P.L., a large number of sectional models were tested until an ideal shape was found and all the necessary wind-related proper ties of the proposed structure determined. The new structure was a single aerofoil-shaped box girder only 10 ft (3.05 m) deep. Its streamlined shape re duced the wind drag on the suspended structure to about a quarter of that on the original trussed one. However, aerodynamic tests on the sectional model which accurately represented every detail of the proposed suspended structure indi cated that there could be slight aerodynamic movements at wind speeds of about 10-15 knots (18.5-27.8 km/h) with wind inclinations up to about 7.5° to the horizontal, if the damping coefficient of the structure was much less than 0.05.
It was generally accepted that the classical suspended structure consisting of trussed stiffening girders and deck elements with riveted or bolted joints had a damping coefficient of at least 0.05. Roberts and Brown were aware that the damping coefficient of an all-welded suspended box as proposed by them would be appreciably smaller. They therefore began to look for some means of intro ducing an additional energy-absorbing element and hit on the idea of making use of the hysteresis properties of the wire rope hangers. For this purpose they pro posed that the two elements of the hangers be inclined to form a quasi-triangulated system in the vertical plane. Small relative longitudinal movements between the main cable and deck produce a change of stress in the inclined elements of the hangers, the magnitude of the stress depending on the angle between them.
For any given mode of oscillation the longitudinal displacement of any point on the cable relative to the deck can be calculated and from this the stresses induced in the hanger system and, hence, the energy stored in it deduced and expressed as a percentage of the total energy in the structure at the peak of the cycle. Rather surprisingly at that time there were no available data on the absorption of energy by wire ropes subjected to cyclic stresses. Roberts instigated a series of tests on ropes and strands which were carried out by Bruntons (Musselburgh) Ltd and British Ropes Ltd and all the necessary information was obtained for wire ropes of different lay and for bridge strands. Bridge strand wire was selected for the hangers. Finally, a hysteresis value for the individual hangers was estimated and their damping effect on the bridge as a whole obtained by integration. The logarithmic decrement for the first anti-symmetric torsion mode of oscillation, which is the most damaging to suspension bridges, was calculated as 0.052, which compared well with that found in classical riveted trusses. Some additional damping would of course be contributed by the rest of the structure and Roberts was satisfied that a correct solution of the problem had been found. In this the designers were correct as the bridge has shown no tendency to oscillate in any wind speed since it was opened to traffic in September 1966. Roberts patented this form of construction, again to protect the British industry, and again the patent has never been enforced. The other major improvement was that the main towers became single cell box girders instead of multi-cell, resulting in further savings in cost. The very significant reduction in the weight of the suspended structure and of the wind effects on it, with consequential savings in the weight of main cables and towers and, hence, in reactions on the piers and anchorages have greatly increased the range of suspension bridges.
Roberts believed that it was the designer's responsibility to ensure that fabrication and erection require no more than care and common sense on the part of the fabricator and that the fabricator, for his part must be prepared to exercise maximum care in strengthening, flattening, machining and otherwise preparing his material if work in the shop and on site is to go smoothly and economically.
Accordingly, he gave a lot of consideration to the problem of fabrication of large box members. For maximum economy the cost per ton of platework should be comparable to that of lattice girders and therefore shop fabrication on a mass production basis had to be aimed at with a high standard of accuracy for easy site assembly. His experience with welded dock gates and landing craft at Arrol suggested how these problems should be tackled. In the event, the transportable (up to 60 ft (18.3 m) long) panel elements of the boxes were fabricated in the contractors' works in Middlesbrough, Darlington and Glasgow and delivered by road to Chepstow. Complete lengths of boxes weighing up to 130 tons were then assembled on slipways on the banks of the Wye, floated out to the bridge site and lifted into position by specially designed tackle travelling on the main suspension cables. The idea of shop fabrication, followed by assembly into box units near the site of the bridge and floating out, was conceived by Roberts and his team, but the details of the scheme and its execution, including minute planning of every phase, were, of course, carried out by the consortium of con tractors, the Associated Bridge Builders Ltd, consisting of Dorman Long, Cleveland Bridge and Arrol.
T he W ye B ridge
The spectacular Severn Bridge somewhat overshadowed the adjacent bridge which carries the M4 Motorway across the Wye and formed part of the same project. Yet this bridge is, in its own class, as remarkable as its big sister. It has a river span of 770 ft (235 m) and two side spans of 285 ft (87 m) flanked by shorter approach spans. The main girders are flat aerofoil-shaped boxes 65 ft (19.8 m) wide on top, 33 ft (10.0 m) wide at the bottom and only 10 ft (3.05 m) deep, similar to those of the Severn Bridge. The total width of the steel battle deck is 100 ft (30.5 m) the areas outside the main girder being supported by 17 ft 6 in (5.33 m) long brackets. The 770 ft (235 m) span is cable-stayed at approxi mately its one-third points. The slim 96 ft (29.3 m) high towers and the single stays being located in the 13 ft (3.96 m) wide central reservation, separating the two carriageways. The great torsional stiffness of the flat box is thus utilized to the full, while its extreme shallowness gives lateral flexibility which ensures equitable distribution of load to the four main bearings at the piers. When conceived and built, the main span of the Wye bridge was the longest of its kind in the world.
As with the Severn Bridge, the sub-units were fabricated in the shops and delivered to site for assembly into the box units approximately 56 ft (17 m) long and weighing up to 120 t. Floating out was not possible on the Wye River and cantilevered erection from each bank was adopted. To ensure accurate fit at the joints the units were assembled end to end in fully equipped yards adjacent to the bridge. When completed they were winched up side ramps on bogies to the deck level, rolled out to the erection face and there picked up by specially designed erection girders.
Roberts and Brown were again involved in every detail of fabrication, con struction and erection of this entirely novel structure. The elegance of the bridge is quite remarkable, although the traffic crossing it is barely aware of its existence.
Severn Bridge honours
The Severn Bridge was opened by Her Majesty The Queen on 8 September 1966 and became famous in a day; engineers, architects and government officials from all over the world came to see and study it, and many honours were be stowed on Roberts and on the firm.
In 1966 the Court of the Worshipful Company of Carmen awarded Roberts the Viva Shield 'in recognition of his great contribution to the design of large steel suspension bridges . . . and a complete departure from previous methods of combating the hazard of aerodynamic instability in the superstructure of such bridges'.
In the same year the Institution of Structural Engineers gave its Special Award to Freeman Fox & Partners, coupled with the name of Roberts.
In 1967 The Queen's Award to Industry was conferred on the firm 'in recog nition of its efficiency as demonstrated by outstanding achievement in techno logical innovation in suspension bridge design.'
In 1969 Freeman Fox & Partners received the first MacRobert Award 'for an outstanding contribution which, by way of innovation in the fields of engineer ing or the other physical technologies, or in the application of the physical sciences, has enhanced or will enhance the national prestige and prosperity of the United Kingdom of Great Britain and Northern Ireland'. The award was shared with Rolls Royce for the development by them of the Harrier 'jump jet' concept.
Soon after the opening of the Severn Bridge Roberts was asked by the British Council to do a lecture tour in Japan on 'Developments in bridge engineering'. His lecture covered the development of steel bridges during the last 100 years, from those with eyebar chains, through major girder bridges to modern longspan suspension bridges with steel wire cables; materials employed and methods of fabrication; reasons for the development of welding and the consequential modifications to the properties of steels: and a description of the Severn Bridge and the thinking behind it. The tour was a great success, much enjoyed by his wife and himself.
T he Bosporus Bridge
Other suspension bridges of similar design followed. In 1968 F.F. & P. were appointed as consulting engineers to the General Directorate of Highways of the Republic of Turkey for the Bosporus Bridge project. The knowledge and experience gained in the construction of the Severn Bridge enabled Roberts and his team, again led by Brown and Parsons, to produce an even better bridge, though the basic design was the same.
Bosporus Bridge has a main span of 1074 m, the longest yet completed outside the U.S.A. It carries dual three-lane carriageways and provides the first ever road connection between the European and Asian parts of Turkey. Having reached the age of 70, Roberts retired from the Partnership in 1969, before the construction of the bridge began (in 1970) , and Brown and Parsons completed the design and supervised the construction of the bridge with Roberts in the background. However, he and his wife were able to attend the magnificent open ing ceremony on 30 October, 1973, at which the President of the Republic cut the tape, while guns and ships saluted the great event of linking the Middle East to Europe by road. Incidentally, the bridge was tested to maximum design capacity, if not beyond, by the solidly packed crowd walking slowly across it.
H umber bridge
The decision to begin the final design of the Humber Bridge, which with its span of 1410 m would be the longest span in the world, was made in 1971 after Roberts retired. F.F. & P. had been retained as consulting engineers for the bridge since 1926 and Roberts had been involved in its many evolutions through out that period. Even when he was with Arrol, Freeman often consulted him and employed him to do trial designs for the various alternative schemes. Roberts, in turn, employed Kerensky and other ex-Dormanites to help him with the calculations. The technical break-through for a span of such length, however, came with the success of the Severn Bridge, whereby the estimated price of the Humber Bridge was drastically reduced. Sadly, the genuine estimates made in the late sixties bear little relation to the present cost of the bridge which, owing to financial inflation and productivity deflation, has nearly quadrupled. Roberts was not involved in the final design of the bridge, which was carried out by Wex and Parsons.
A uckland H arbour Bridge w idening
In the late 1960s the four-lane Auckland Harbour Bridge had become in adequate for the amount of traffic using it and Roberts conceived a way of widen ing it by extending cantilever brackets from the existing piers to support twolane box girder bridges on both sides of the original one. The box girders were adopted as much for aesthetic reasons as for technical. The 800 ft (220 m) main span girder was one of the largest of its kind at the time of building and certainly the shallowest. From a distance, the lace-like appearance of the old bridge was thus preserved. The widening was completed after Roberts's retirement.
Roberts's designs have a reputation of being light with nothing wasted, but he never took deliberate risks. Shutting one's eyes to something one thought might happen, or overlooking some factor, would be quite inexcusable to him. This, of course, does not mean that he was always right, or that risks unforeseen by him did not sometimes arise. He often said that success or failure of an innovation depended upon the accuracy of the inventor's imagination. Invention to him was 'an extension of experience by imagination' and in one of his lectures he named five of his designs which he considered to be the most imaginative:
Volta Bridge (now Adomi Bridge) in Ghana; Radio telescope in Australia; Radio telescope in Canada; 400 t Goliath crane, and Severn Bridge.
Like most engineers he was well aware that one day a failure, might occur, not so much through mischance as through human error or aberration. There are minor failures, mishaps and even fatal accidents during the work span of most civil engineers, but major tragedies involving heavy loss of human life are relatively rare. Roberts was deeply involved in the tragedies of the Milford Haven and Yarra Bridge collapses. Both were designed and contracts let when he was still in charge.
In the case of Milford Haven, Pembrokeshire (now Dyfed) there was an error, or perhaps a misconception, in the design of the diaphragms over the piers and on 2 June 1970 a span collapsed during cantilever erection. The weakness of the diaphragm was not picked up during the contractually obligatory check by the contractor of the adequacy of all elements of the bridge during erection, i.e. the double-check procedure failed. Legal arguments as to the responsibility followed and lasted over eight years before an out of court settlement was reached but, mercifully the four bereaved families were compensated at once.
The case of the West Gate Bridge crossing the Yarra River in Melbourne, Australia, was quite different. The consulting engineers for the entire scheme were Messrs Maunsell & Partners, who were fully established in Australia.
When it was decided that a steel bridge with a river span of 1100 ft (340 m) was required, Maunsell invited F.F. & P. to help them with its design, which they readily agreed to do, the two firms becoming joint engineers. The first design proposed by Roberts and his team, which for this project was led by Brown, was for a cable-stayed main span with an orthotropic plate deck, as used in F.F. & P.'s previous designs of long span bridges. However, the General Manager of the Bridge Authority had had an unfortunate previous experience with the Kings Bridge in Melbourne, when he was Bridge engineer of the rele vant local authority. That bridge was an all-welded structure (shop and site) in Australian high tensile steel. Large cracks developed almost immediately after the opening of the bridge to traffic and the experts decided that the cracks were due to brittle fracture. Fortunately, the bridge could be propped up in time to avoid casualties. Bent on avoiding, as they thought, the danger of similar failures, the Yarra Bridge Authority prohibited site welding and insisted on most stringent welding procedures in the shops. This ruled out the all-welded steel deck surfaced with a thin carpet of mastic asphalt, as had been generally adopted in Great Britain and Western Europe. Roberts, in one of many efforts to satisfy the client, then proposed the use of a lightly stiffened steel plate acting compositely with a reinforced concrete slab, surfaced with asphalt. Except for one large bridge in France (Tancarville suspension bridge) there was no precedent for this form of construction, and even the French example was significantly different. Tests were carried out in England to check the design of the stud-type shear connectors, after which this novel type of deck was adopted.
There was nothing revolutionary in the idea. The composite reinforced con crete slab and steel plate construction is now covered by a British Code of Practice for Composite Construction of Bridges (B.S. 5400, Part 5). However, it was new in 1968 and was viewed with suspicion by many. The problems with this form of construction arise because the lightly stiffened steel plate is liable to be unstable during erection, when acting as the compression flange of the main box girder, before the concrete deck has been poured. In other words, the deck is robust when finished, but sensitive during construction. By the time the bridge was being built Roberts had already retired. The Partner in charge of the super vision on site was the late E. M. Birkett of Maunsell, working in close coopera tion with Kerensky, who was Partner in charge in England on behalf of F.F. & P.
Inevitably there was duality of control, although F.F. & P. was nominally re sponsible for the steel superstructure. During the morning of 15 October 1970, for some reason that has never been properly explained, and on somebody's authority that has not been established, the top flange of a simply supported box girder was cut almost in two by removing a number of bolts in the mid-span splice in order to straighten a harmless buckle in the flange plate caused by a previously also unauthorized overloading of the girder by 70 t of kentledge. The girder collapsed, killing 35 men, including the Resident Engineer and the Deputy Resident Engineer, Contractors' Project Manager and one of their junior engineers-almost all the vital witnesses who could have explained the sequence of events and assigned the responsibility for the tragedy. The only surviving engineer involved in the operation was bady injured and, suffering from a loss of memory, was confused about the sequence of events.
The Australian Government appointed a Royal Commission which crossexamined all the surviving people responsible for the design and construction of the bridge. Roberts, who by that time had nothing to do with the administra tion of the project, was for several long days grilled by the Commission con cerning the alleged weakness in the design and failure of communication between London and the site. Not being used to such treatment, Roberts did not make a good witness; he was particularly intolerant to ignorant and irrelevant questions and in the end failed to convince the Commission of the quality of his and Brown's designs.
The mental and physical strain of fighting a losing battle, in a small crowded court with poor ventilation in the middle of an Australian summer, nearly killed Roberts. He suffered a heart attack during the journey home and, on recovery, was ordered complete rest for several months. This tragedy more or less finished his involvement in practical engineering.
He continued to be interested in the work of the firm and of the Royal Society, attending Meetings and serving, as member and chairman, on Sectional Com mittee 4, which among other things advised on the selection of engineers for election as Fellows. Occasionally he and his wife attended official functions of the learned societies and F.F. & P.'s annual dances, but on the whole they led a quiet life in close touch with their family, particularly enjoying the company of their three grandchildren.
Books were a great standby. Gilbert enjoyed Nada reading aloud to him, particularly Boswell's Life of J o h n s o n , but the theatre rem delight and was their main link outside the family. Drama, acting and staging were all of interest and so was the seating in the actual theatre, because seats could be very uncomfortable for a man with a stiff leg. During the last years they derived particular pleasure from going to performances at the Windsor, Rich mond and Wimbledon theatres.
Their golden wedding was celebrated in their elder daughter's house in Bournemouth. The grandsons provided a great surprise for their grandparents by arranging a tour of the town in a hired double-decker bus. Great fun was had by all, especially as champagne flowed freely!
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Biographical Memoirs
Character
Roberts matured early-no doubt his war experience, academic brilliance and moral courage helped him to develop confidence, assurance and firmness which served him so well throughout his life.
He was dedicated to his work, which needed his gifts of courage, determina tion, intellect and creative ability. It required confidence as well as courage to make use of his new techniques and, even more so, to follow his own intuitive ideas in creating new forms of structures. A prominent engineer from abroad wrote to Roberts to say that 'the Severn Bridge would collapse under the first fall of snow'. A terrible thing for the designer to read.
There was another quality in his work: the gift of empathy. Perhaps this is akin to inspiration in art. He really felt he lived in the structures he designed and this feeling perhaps gave him more than usual confidence when he gave his opinion that, properly designed, checked and erected, they were safe.
Roberts did not tolerate fools and he despised cowards-moral and physical. He selected his assistants carefully, was demanding and critical of their work, but once accepted he was loyal and protective when anything went wrong, never passing the blame on to weaker shoulders in order to find excuses for himself. However, a few slip-ups would be enough to have the offender removed from his team, if not from the firm. He could be sarcastically cutting to equals but, unless strongly provoked, did not take it out of his subordinates. He would seldom take 'no' for an answer, but his own 'no' was usually final.
Roberts was secretive about his work and in that respect difficult to work with, but his judgement and advice were usually worth listening to.
Strange as it may seem, he was superstitious about the consequences of talking or writing in detail about a project that was not yet finished. He once remarked to a journalist ( The O b s e r v e r , 21 July 1968); 'When an Engineer writes mature paper telling the world how he built it, sure enough a few days later the thing falls down!' A poetical exaggeration but a belief and fear well imprinted on the minds of some of his staff.
He was not a committee man. He would contribute much technically if the subject interested him, but almost nothing at all if it did not. He would never attend for the sake of 'attendance' and therefore had a 'poor' record with the chairmen and secretaries of councils and committees. Although he was an am bitious man, his ambition was to be a top engineer and to be recognized as such, rather than as a president of this or that institution, so he never became one, although he served on the Council of the Institution of Structural Engineers and, for many years, on the Council of the Welding Institute.
Roberts was a devoted family man. Work and physical handicaps left little opportunity for outside interests, but journeys to work sites both at home and abroad were always of interest to him and his wife. For three successive sum mers they spent a week exploring English sites with the Royal Archaeological Institute, of which his wife was a member. He intensely loved reading a limited range of books, admired good prose and thought Latin was essential to the writing of good English, but had no time for poetry. He read most of Chur chill's books and was especially interested in Yeates's Winged victory, which recalled his own flying experiences. His own writing was neat and precise and of the highest quality, as can be seen in all the papers and reports pre sented by him to various learned societies and government departments. He would never tolerate bad grammar or slovenly expressions and often corrected and rewrote letters and reports written by his staff not an unusual necessity in the engineering profession.
His love of classical music, opera and the theatre remained with him from childhood. He was himself, by nature, a good actor with expressive features and a gift for bringing out a brief satirical remark together with devastating mimicry of its victim, but he was basically kind hearted.
Roberts's lifework spans a revolution in structural engineering and he was in the thick of it. He combined his belief in himself and determination in work with personal charm and modesty. To the very end he was unaffected by acclaim. We owe much to Lady Roberts for the devotion and support she gave him throughout his working life.
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